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Objective:  To investigate  whether  the use  of the  think-aloud  method  with  propositional  analysis  could  be
helpful  in  the  design  of  a Clinical  Decision  Support  System  (CDSS)  providing  guideline  recommendations
about  long-term  follow-up  of childhood  cancer  survivors.
Materials  and methods:  The  think-aloud  method  was  used  to gain  insight  into  healthcare  professionals’
information  processing  while  reviewing  a paper-based  guideline.  A  total  of  13  healthcare  professionals
(6  physicians  and  7  physician  assistants)  prepared  2 ﬁctitious  patient  consults  using  the paper-based
guideline.  Propositional  analysis  was  used  to analyze  verbal  protocols  of  the  think-aloud  sessions.  A
prototype  CDSS  was  developed  and  a usability  study  was  performed,  again  with  the  think-aloud  method.
Results:  The  analysis  revealed  that  the  paper-based  guideline  did  not  support  healthcare  practitioners  in
ﬁnding patient-speciﬁc  recommendations.  An information  processing  model  for retrieving  recommen-
dations  was  developed  and  used  as  input  for  the design  of a CDSS  prototype  user  interface.  Usability
analysis  of  the  prototype  CDSS showed  that  the  navigational  structure  of  the system  ﬁtted  well  with
healthcare  practitioners’  daily  practices.
Conclusions:  The  think-aloud  method  combined  with  propositional  analysis  of  healthcare  practitioners’
verbal  utterances  while  they  processed  a paper-based  guideline  was  useful  in  the  design  of a usable  CDSS
providing patient-speciﬁc  guideline  recommendations.
© 2015 Elsevier  Ireland  Ltd.  All  rights  reserved.. Introduction
Despite evidence that clinical guidelines can improve quality
f care, they are currently still underused in practice [1–3]. One
f the reasons for this is that guidelines are often communicated
hrough a paper-based format, with limited user friendliness [4].
linical reasoning of healthcare professionals is rarely considered
Abbreviations: CDSS, Clinical Decision Support System; HIT, health informa-
ion technology; DCOG LATER, Dutch childhood oncology group late effects after
hildhood cancer collaborative group; CCS, childhood cancer survivors; QUIS, ques-
ionnaire for user interface satisfaction.
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erdam, The Netherlands. Fax: +31 206919840.
E-mail addresses: e.kilsdonk@amc.uva.nl (E. Kilsdonk), l.w.peute@amc.uva.nl
L.W. Peute), rinkeriezebos@gmail.com (R.J. Riezebos), l.c.kremer@amc.uva.nl
L.C. Kremer), m.w.jaspers@amc.uva.nl (M.W.M.  Jaspers).
ttp://dx.doi.org/10.1016/j.ijmedinf.2015.11.011
386-5056/© 2015 Elsevier Ireland Ltd. All rights reserved.in the development of paper-based guidelines. As a result, paper-
based guidelines are often insufﬁciently targeted at their audience,
difﬁcult to implement in clinical practice, and eventually evoke
reluctance and are therefore disregarded by healthcare practition-
ers [5].
Computerized Clinical Decision Support Systems (CDSSs) are
increasingly acknowledged for their potential to overcome prob-
lems with paper-based guidelines [6,7]. Previous research has
indeed shown that CDSSs can improve guideline adherence by
healthcare practitioners and support healthcare practitioners in
effective and efﬁcient medical decision making [7–9]. These poten-
tials of CDSSs yet appear to be only partially achieved as research
evidence indicates that certain CDSSs may  add extra time and
cognitive effort to many routine clinical tasks and healthcare prac-
titioners often object to forced changes in their established working
routines [10]. These facts raise concerns that healthcare practition-
ers’ interactions with CDSSs may  lead to decreased productivity and
an increase in errors [11]. Poor design of a CDSS interface can readily
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low down healthcare practitioners as they may  spend more time
n searching for relevant information than in reviewing recommen-
ations. Developing CDSS that improve healthcare practitioners’
orkﬂow efﬁciency is thus predicated on a detailed analysis of user
equirements and iterative evaluations of CDSS prototypes.
The use of appropriate design strategies and adherence to
uman-computer interaction principles are critical to the success
f Health Information Technology (HIT) systems [10,12]. However,
here are still a large number of HIT projects that fail due to the lack
f systemic consideration of human and other non-technological
ssues during the design and implementation process [13]. These
ailures can be traced back to incomplete requirements, unrealis-
ic expectations and objectives of the system to be implemented.
he difﬁculty to extract implicit and tacit knowledge can be seen as
he major cause for incomplete requirements, as in general people
ack the ability to express their actual information processing needs
14]. Furthermore, a common problem with software projects is
hat requirements can change as the project progresses. This may
ccur because as system prototypes are developed, the future end-
sers can more clearly see problems with the earlier deﬁned system
unctionalities and propose necessary addendums and new func-
ionalities not otherwise thought about. Also, future end-users and
ystem engineers often fail to communicate clearly with each other.
hey come from different worlds and do not understand each
ther’s work domains; the mental models of the system does not
atch that of its end users. This can lead to confusion and subop-
imal system designs. Chances are thus high that the delivered HIT
ystem will not meet the end users’ needs.
Human factors engineering offers a broader perspective to the
nalysis and design of interactive computer systems as it studies
henomena that emerge when humans perform tasks in certain
eal work settings. It applies knowledge and techniques from cogni-
ive psychology to the design of interactive computer applications
15]. Within healthcare, human factors engineering methods can be
pplied to explore healthcare practitioners’ mental models while
rocessing information and handling complex medical decisions
16]. By capturing and representing these mental models, efforts in
esigning interactive computer applications can be guided by map-
ing these models to system design models, thereby supporting the
ognitive processing of information when users interact with these
pplications.
In the Netherlands, the Dutch Childhood Oncology Group Late
ffects After Childhood Cancer Collaborative Group (DCOG LATER)
eveloped a guideline for follow-up screening of childhood cancer
urvivors (CCS) [17]. The goal of the DCOG LATER guideline is to
romote uniform and high-quality follow-up care. Unfortunately,
bout 75% of CCS are confronted with treatment-related health
roblems (many) years after treatment (called late effects) [18–20].
arly detection and treatment of late effects are important in order
o reduce burden of disease in CCS. Therefore, there is a lifelong
eed for the medical surveillance of CCS.
In this paper, we argue that a method from human factors engi-
eering, based on theories of human information processing could
e used for requirements elicitation of the design of a CDSS provid-
ng patient-speciﬁc guideline recommendations. Based on previous
esearch, there is still disagreement among experts on which meth-
ds could best be used for requirements elicitation [21]. We  felt that
 method from human factors engineering could help in develop-
ng a CDSS user interface based on how healthcare practitioners
rocess the information contained in a clinical guideline. A method
hat is well-suited to analyze mental processes of humans is the
hink-aloud method. This method requires subjects to verbalize
heir thoughts while solving a problem or performing a task [22].
he think-aloud method thereby generates direct data on the cog-
itive processes that take place during human task performance
nd offers insight into the way that humans solve problems.edical Informatics 86 (2016) 10–19 11
Our ultimate aim is to implement the DCOG LATER guideline in
a CDSS that offers patient-speciﬁc screening recommendations to
healthcare practitioners involved in CCS follow-up care. The objec-
tives of this study were: (1) to investigate whether the use of the
think-aloud method could be helpful as requirements elicitation
technique for designing a CDSS, and (2) to develop a prototype
CDSS based on the results of the cognitive analysis. The pivotal
investigative questions in this study were: (1) What information do
healthcare practitioners review and how do they process this infor-
mation when they go through a paper-based guideline in preparing
for a patient consult? and (2) How can these insights be used in the
development of a CDSS user interface that supports efﬁcient review
of guideline recommendations in context of their use?
2. Materials and methods
2.1. Research context
As part of regular patient care, all CCS are offered regular follow-
up in one of seven long-term follow up clinics, according to the
DCOG LATER guideline. All clinics are part of large tertiary hos-
pitals located within main cities in the Netherlands. During a
clinic visit, CCS undergo a general medical exam and several addi-
tional screening procedures. To prepare a patient visit, historical
patient data from a patient’s medical record at the DCOG LATER
clinic is reviewed to determine the patient-speciﬁc screening rec-
ommendations. This preparation is either done by the physician
((pediatric) oncologists or internal medicine physicians) perform-
ing the screening or by a physician assistant, with the use of
the paper-based DCOG LATER guideline. The recommendations in
the guideline are organized into 24 organ domains (e.g. heart or
kidneys). Each domain speciﬁes recommendations for screening
procedures, points of interest for anamnesis and physical examina-
tion, advices and lists possible late effects. The recommendations
apply to a CCS, when the inclusion criteria of a domain, which are
based on the childhood cancer diagnosis and treatment, are met.
2.2. Study population
Six physicians and seven physician assistants participated in
this study, all taking responsibility for preparing CCS patient vis-
its. Three male and three female physicians participated, and seven
female physician assistants. Their mean age was  44.9 years (range
27–56 years) with a mean of 4.8 years of experience working for
the long-term follow-up clinics (range 0.5–15 years). Physicians
and physician assistants were recruited through the coordinators
of the DCOG LATER long-term follow-up clinics and participated
on a voluntary basis. Before the start of the study, all participants
signed an informed consent form.
2.3. Research design
Fig. 1 shows the research design of this study. In the ﬁrst step,
we used the think-aloud method in combination with propositional
analysis and a semi-structured interview to analyze healthcare
practitioners’ information processing in the context of using the
paper-based guideline. In the second step, the results were used
to develop an information processing model which represents the
mental model of participants’ information retrieval when using
the paper-based guideline. This model was then used as input
to design speciﬁcations of a CDSS user interface. In the third
step, the developed prototype CDSS was evaluated, ﬁrst by con-
ducting the think-aloud method again, then by administering
the Questionnaire for User Interface Satisfaction (QUIS) [23], and
ﬁnally by conducting a semi-structured interview. Efﬁcacy (time
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contained in the text but incorporates a human’s prior knowledgeFig. 1. Research design.
o retrieve screening recommendations) and efﬁciency (complete-
ess of retrieved screening recommendations) of the paper-based
uideline compared to the prototype CDSS was assessed in a pre-
ious paper [24].
The think-aloud method was ﬁrst used to gain insight into the
ay healthcare professionals process information in the paper-
ased guideline and to identify their problems in working with
he paper-based guideline. Before the start of a think-aloud ses-
ion, participants practiced the think-aloud method by means of a
imple task in which they had to look up certain words in a dic-
ionary. During the think-aloud sessions, participants were asked
o retrieve recommendations from the guideline for two  ﬁctitious
atient scenarios, one simple scenario (for which a low number
f recommendations would apply) and one complex scenario (for
hich a high number of recommendations would apply). Together,
he scenarios cover three quarters of the guideline (18 out of 24
omains). The scenarios can be found in Boxes 1 and 2 . The sce-
arios were based on medical history data of real-life patients
nd validated by an external pediatric oncologist. A description
f the scenario was provided to the participants and containededical Informatics 86 (2016) 10–19
the patient’s general demographic data (age, gender etc.), his/her
cancer history, and his/her cancer treatment. This information is
sufﬁcient to assess whether a CCS fulﬁlls the inclusion criteria in the
guideline. Participants were randomly assigned to either start with
the simple or with the complex scenario. During the think-aloud
sessions participants were asked to continuously verbalize their
thoughts and actions in processing information from the paper-
based guideline, which were recorded with a microphone and a
video camera.
After the think-aloud sessions, we conducted a semi-structured
interview with the participants to ask their opinions on the paper-
based guideline and preferences concerning the design of the
prototype CDSS. Questions were open ended to elicit as much
responses as possible (Table 1), with the exception of one ques-
tion which was  dichotomous after which an open format question
was stated. Their responses provided a means to ascertain whether
personal opinions of the participants differed from the results of the
think-aloud analysis. The interviews were recorded with a micro-
phone and lasted 11 min  on average.
The results of the think-aloud sessions and interviews were used
to construct an information processing model. The model was  then
used as input for the design of a prototype CDSS user interface.
The prototype that was  built, implemented part of the screening
guidelines; merely the recommendations that applied to the used
patient scenarios were implemented.
The think-aloud method was  used a second time to assess if the
user interface of the prototype was designed to optimally support
its future end users in screening their CCS on potential late treat-
ment effects. The same participants were again asked to prepare
two patient scenarios, this time using the prototype CDSS. These
two scenarios (Boxes 3 and 4 ), one simple and one complex, dif-
fered from the scenarios used in the analysis of the paper-based
guidelines, but required a similar number of patient-speciﬁc rec-
ommendations to be identiﬁed and covered the same amount of
clinical domains from the guideline (18 out of 24). Morae software
(TechSmith Corporation, Okemos, MI,  USA), version 2.0.1. was used
to capture screen, mouse clicks, face expression and the voice of
participants during all think-aloud sessions.
After the think-aloud sessions the QUIS was  administered to all
participants. The QUIS is a widely used and validated questionnaire
to measure usability. The QUIS contains 27 questions categorized
in 5 domains: general reaction to the software, screen, terminology
and system information, learning and system capabilities. Ques-
tions contained in the QUIS are answered on a Likert-scale of 1–9,
with 1 being the lowest and 9 being the highest value. The QUIS
can be found in Supplemental Table 1. Finally, a short interview
was conducted with all participants to ask their opinions on the
prototype CDSS, which were recorded using a microphone. Ques-
tions were stated in a similar procedure compared to the interview
questions about the paper-based guideline (Table 1). Interviews
lasted 8 min  and 37 s on average.
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.
2.4. Analysis
Per participant, two  think-aloud sessions were conducted with
the paper-based guideline (one for each scenario). Propositional
analysis was used to analyze the think-aloud sessions. When
humans process written text, they generate meaning from it by
transforming the text into some sort of mental model. The con-
struction of this mental model is not limited to the informationas well. As a result, a conceptual representation emerges from the
processing of the text. Propositional analysis is a formal method
for investigating conceptual representations of meaning of texts in
E. Kilsdonk et al. / International Journal of Medical Informatics 86 (2016) 10–19 13
Box 1: Simple patient scenario used to analyze paper-based guideline.
Nam e: Ans X.
Gender: Female
Curr ent  age: 19
Treated for: Abdominal neuroblastoma (left kidney area)
Trea tment: Surgery and adjuvant ch emotherapy with 
cyclophosphamide 
Age at  diagnosis: 3
A partial nephrectomy took place during surgery. Surr ounding organs rem ained intact.  
Chemotherapy only consisted of  cyclophosphamide.  Aft er the t reatment the re were no 
complications.
She is now 16 years after diagnosis and will visit the outpatient clinic for the first time.
Box 2: Complex patient scenario used to analyze paper-based guideline.
Nam e: Ja n Y
Gender: Male
Curr ent  age: 15
Trea ted for: Rhabdomyosarcoma in the thorax,  medial
Trea tment: Surgery thorax (thoracotomy,  partial long resection). 
Radiotherapy on the entire thorax (hart  in the radiation 
field) with 18 Gy
Chemotherapy:  iphosphamide,  vincristine, 
dactinomycin,  carbopl atin,  epirubicin (450 mg/m2) , 
etoposide and cyclophosphamide
Age at  diagnosis: 6
He is now 9 years aft er diagnosis and will  visit t he  outpatient  cli nic for the first time. 
Table 1
Interview questions for analysis of paper-based guideline and evaluation of prototype CDSS.
Questions asked during analysis of paper-based guideline Questions asked during evaluation of prototype CDSS
What is your general opinion about the way the screening guidelines are presented in the
booklet?
What is your general opinion about the CDSS prototype?
Did  you encounter any problems in preparing the patient scenarios with the paper-based
guideline? If yes, can you indicate which problems you encountered and how these types
of  problems could be prevented from happening?
Are you missing any information that is not provided by the CDSS?
Which functionalities do you want in the CDSS prototype to provide the screening
guidelines?
Are you satisﬁed about the way patient information is organized in
the CDSS or would you like to see it differently? If so, what would
you like to be changed?
Which patient data do you feel should be presented in the CDSS? Did you encounter problems while using the CDSS prototype? If so,
what type of problems? Do you have any suggestions how to solve
these problems in a redesign of the CDSS prototype?
At  what time in the system interaction do you want the CDSS to give a summary/overview
of  the patient? Would you prefer a CDSS providing active advice (e.g. as soon as you start
up the system) or passive advice (only when you ask for it) ?
Would you work with this CDSS?
Which information from the paper-based guideline should be presented in the CDSS to
your opinion and in what way?
Do you have any other comments?
14 E. Kilsdonk et al. / International Journal of Medical Informatics 86 (2016) 10–19
Box 3: Simple patient scenario used during evaluation of prototype CDSS.
Other therapy:  prednisone
Age at  diagnosis: 9
She is now 5 years aft er diagnosis and will  visit the  LATER clinic for the first time.
Nam e: Eva A.
Sex: Female
Age: 14
Treated for: Aleukemic micromyeloblast leukemia
Treatment: Chemotherapy: vincristine, methotrexate 
Box 4: Complex patient scenario used during evaluation of prototype CDSS.
Nam e: Danielle B.
Sex: female
Age: 6
Trea ted for: Neuroblastom a left  adrenal gland
Trea tment: Radiotherapy abdominal  with 10  Gy
Chemotherapy:  cispl atin, cyclophosphamide,
doxorubi cin (380 mg/m2),  vincristine, ten iposide
Surgery: resection tumor + left adrenal gland
Age at  diagnosis: 1
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emory. A proposition is deﬁned as an idea underlying a piece of
ext, which corresponds to the basic unit of mental representation
n human memory [25]. Propositions represent the simplest com-
lete units of thoughts and typically capture relations that hold
etween arguments. As an example, consider the following sen-
ence: ‘The 12 year old girl had been diagnosed with leukemia’. This
entence contains several propositions: ‘the patient is 12 years old’
nd ‘the patient is female’ and ‘the patient has leukemia’. Argu-
ent nodes are symbolized by capital letters when they represent
eneral concepts for objects or categories that objects belong to.
oncepts may  be divided in subconcepts, and both concepts and
ubconcepts can be further deﬁned by attributes. Concepts are
nter-linked through relationships. A conceptual representation or
onceptual model is a map  of concepts deﬁned by attribute types
nd their relationships. The propositions in the example sentence
ould thus be mapped on the following concepts and attributes
s ‘PATIENT [attribute age]’, ‘ PATIENT [attribute sex]’, and ‘CAN-
ER DIAGNOSIS [attribute diagnosis]’. Furthermore, a relationship
etween the concepts ‘PATIENT’ and ‘CANCER DIAGNOSIS’ can be
istinguished.
For every think-aloud session, the recordings of participants’
erbal utterances were transcribed and propositional analysis was
pplied by the ﬁrst and second author. They annotated each
rotocol segment and divided segments into key propositions.
ey propositions were further analyzed and manually mapped tor the first time.
(sub) concepts and attributes, for which a scheme was developed
bottom-up during the analysis in an iterative process. Two ver-
bal protocols were used to make a ﬁrst version of the concept
mapping scheme. A (sub) concept with a related attribute was
introduced for each new type of key proposition. The remaining
protocols were then analyzed for key propositions and mapped on
(sub) concepts and attributes from this scheme. When (sub) con-
cepts and attributes were found missing they were added to the
scheme. All protocols were independently analyzed and mapped
by two  researchers. Disagreements on (sub) concepts and attributes
between the researchers were resolved through discussion.
The annotated protocols and (sub) concept mapping scheme for
the paper-based guideline were used to create an information pro-
cessing model representing healthcare practitioners’ information
retrieval. Furthermore, (sub) concepts in consecutive key propo-
sitions were compared to identify relationships. If an if-then rule
could be distinguished, a relationship between (sub) concepts was
deduced. Relationships between (sub) concepts were represented
by the ﬂow in the information processing model. The information
processing model laid the foundation for the design of the CDSS user
interface. Furthermore, the audio recordings from the interviews
were transcribed and analyzed for problems with the paper-based
guideline and for requirements of the CDSS user interface. When
conﬂicting requirements were found between the think-aloud
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nalysis and the interviews, the results from the think-aloud were
eading.
The prototype CDSS was assessed in multiple ways. First, the
nnotated protocols and (sub) concept mapping scheme for the
rototype CDSS were used to uncover usability problems with the
rototype CDSS. Second, descriptive statistics of the administered
UIS were analyzed using SPSS Statistics (IBM SPSS Statistics for
indows, Version 19.0). Finally, the audio recordings from the
onducted interviews were transcribed and analyzed for problems
ith the prototype CDSS and for additional requirements to be
mplemented in a redesign of the prototype.
. Results
.1. Evaluation of paper-based guideline
Participants would typically start the think-aloud session with
eading the patient scenario and summarizing a patient’s demo-
raphics (age, sex. etc.), time since diagnosis, cancer history and
reatment. After they had ﬁnished reading the patient scenario,
articipants would continue by navigating to a guideline domain,
n which they checked whether the patient met  the inclusion crite-
ia of that domain. Inclusion criteria encompass a set of rules about
hildhood cancer diagnosis and treatment. For instance, an inclu-
ion criteria for the Cardiology Domain is that a patient has received
adiation on his or her thorax. If the patient was found to be eligible
or the domain, participants would review the recommendations
ontained in the domain. Otherwise participants would continue
o the next domain. Some participants assessed the inclusion crite-
ia for every single guideline domain, while others only reviewed
hose guideline domain that they thought to be relevant based on
heir clinical experience.
An excerpt from a verbal protocol of a healthcare practitioner
ith the translation to key propositions and mapping on (sub) con-
epts, attributes and relationships is given in Table 2. A total of 2678
entences was analyzed (968 for the simple scenario, and 1710
or the complex scenario) and broken down to key propositions.
eparate concept mappings were introduced for general patient
emographics (attributes age, gender); cancer diagnosis (attributes
iagnosis, date of diagnosis, localization, lateralization); cancer
reatment (attributes protocol 1, protocol 2) with subconcepts
adiotherapy (attributes start date, end date, localization, lateral-
zation, dose, unit, number of fractions), chemotherapy (attributes
tart date, cytostatic, dose, unit), surgery (attributes description,
ate), and other therapy (description, dose); screening proce-
ures (attributes description, frequency), anamnesis (attribute
escription); physical examination (attribute description); advice
attribute description); and possible late effects (attribute descrip-
ion).
All participants retrieved recommendations about screening
rocedures and the frequency with which these procedures need
o be repeated for the patient. Some participants would then con-
inue to the next guideline domain, while others went further in
he domain to review speciﬁc points of interests for the anamnesis
nd physical examination, and advices to be given to the patient.
ew participants also reviewed the organ-system related possible
ate effects, which may  result from a patient’s earlier cancer treat-
ent. Some participants wrote the screening procedures down
hile going through the guideline. Others ﬁrst reviewed the entire
uideline and wrote the screening procedures down afterwards.
Analysis of the verbal protocols showed that participants experi-
nced problems with the structure according to organ systems; the
tructure did not match the normal cognitive information process-
ng of the participants. Participants indicated that they missed an
rder according to cancer treatment. Moreover, during the inter-edical Informatics 86 (2016) 10–19 15
views that were conducted afterwards (Supplemental Table 2),
participants indicated that the guideline lacks any order (alpha-
betical or any other order which participants would ﬁnd logical).
Searching for speciﬁc recommendations was found to be time
consuming and complicated. When asked how the guideline infor-
mation should be presented, we found that participants had varying
opinions, also contrasting the results of the think-aloud analysis.
For instance, one participant answered that the recommendations
should be ordered on tumor type, while two  other participant
answered that it should be ordered on radiotherapy treatment,
and yet another answered that the structure should be based on
chemotherapy treatment. In the end, a structure was  chosen that
represented the results of the think-aloud analysis, since these
results represent the information processing model generalizable
to the entire study population.
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.
3.2. Design of the prototype CDSS
The information processing model that was developed based
on healthcare practitioners’ processing of guideline recommenda-
tions is displayed in Fig. 2. The rectangles represent the different
(sub) concepts, while a diamond represents decisions. Arrows rep-
resent relationship between concepts, while a normal line is used
to indicate the relation between a subconcept (for instance radio-
therapy) and its ‘parent’ concept (cancer treatment). Table 3 shows
attributes of the different (sub) concepts from the information pro-
cessing model. The concept mappings from the developed coding
scheme were translated into a class or an attribute. Classes repre-
senting information from the guideline were modelled in parallel
since healthcare practitioners did not retrieve this information in
any particular chronological order.
A prototype CDSS user interface was developed in ASP.NET and
C#. A screenshot of the prototype is shown in Fig. 3 (main screen
showing patient-speciﬁc screening recommendations). The proto-
type consisted of a menu with only two buttons. With the ﬁrst
button the users could select the home screen, on which the func-
tionality of the prototype was  explained. With the second button
users could select a screen to search patient records. They could
search by entering a unique patient identiﬁer, or by searching
on patient name or date of birth. The patient record contains a
tab-based structure representing the different classes from the
information processing model. In consultation with the healthcare
practitioners, some concepts were grouped on one tab because of
the low volume of information. After opening the patient record,
healthcare practitioners would see 6 tabs. The ﬁrst tab contains
patient demographics and information about the patient’s child-
hood cancer diagnosis. The second tab contains information on a
patient’s cancer treatment, the third tab lists the recommended
screening procedures, the fourth tab contains patient-tailored
points of interest for anamnesis and physical examination, the ﬁfth
tab contains advices to be given to the patient, and the ﬁnal tab
listed possible late effects that a patient could develop.
3.3. Evaluation of the prototype CDSS
The think-aloud sessions with the prototype CDSS revealed only
two major problems related to screen layout. First, the list of pos-
sible late effects required extensive scrolling, which could lead
to overlooking possible late effects. Second, participants indicated
that they wanted a link to evidence as to why certain screening
procedures were recommended. This link was  however built into
the prototype system, through an icon displayed on the left of each
screening procedure. During the think-aloud it was  apparent that
this icon was  often overlooked.
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Table  2
Excerpt from verbal protocol (complex scenario).
Key proposition Concept Subconcept Attribute Relationships
“He has had radiation on his thorax” CANCER
TREATMENT
Radiotherapy Localization: thorax RADIOTHERAPY → SCREENING
PROCEDURE
“So  he will receive a lung function test. . .”  SCREENING
PROCEDURE
(description)
Description: lung function test
.  . .”ﬁve”. . . SCREENING
PROCEDURE
Frequency: ﬁve years after diagnosis
“and  ten years after diagnosis” SCREENING
PROCEDURE
Frequency: ten years after diagnosis
“So  he will get that next year” SCREENING
PROCEDURE
Frequency: next year
“So dependent on the result we should stop or
continue with that”
FOLLOW-UP Result: stop or continue SCREENING PROCEDURE →
FOLLOW-UP
“Let’s see, he has had iphosphamide” CANCER
TREATMENT
Chemotherapy Cytostatic: iphosphamide CHEMOTHERAPY →
SCREENING PROCEDURE
“Then  we will check creatinine, potassium,
magnesium, phosphate and bicarbonate in
his  blood”
SCREENING
PROCEDURE
Description: blood (creatinine, potassium,
magnesium, phosphate and bicarbonate)
Fig. 2. Information processing model.
Table 3
Attributes of the different (sub) concepts from the information processing model.
Concept Subconcept Attributes
Patient demographics Age, gender, name, date of birth
Cancer diagnosis Diagnosis, date of diagnosis, localization, lateralization
Cancer treatment Protocol 1, protocol 2
Radiotherapy Start date, end date, localization, lateralization, dose, unit, number of fractions
Chemotherapy Start date, cytostatic, dose, unit
Surgery Description, date
Other therapy Description, dose
Screening procedures Description, frequency
Anamnesis Description
t
O
l
f
u
v
wPhysical 
Examination 
Possible late effects 
After the think-aloud session, participants completed the Ques-
ionnaire for User Interface Satisfaction (Supplemental Table 3).
verall, participants found the prototype easy to use (7.15) and
earn (7.80), found the tab-based structure very clear (7.92) and
ound that the system was designed for all experience levels of
sers (7.09).
Supplementry material related to this article found, in the onlineersion, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.
A short interview was conducted with the participants after they
orked with the prototype CDSS. Twelve of the thirteen partici-Description
Description
Description
pants indicated that they were satisﬁed with the way patient and
guideline information were organized in the prototype. One par-
ticipant was  not satisﬁed because he/she does not like tab-based
systems (in general). When asked if they encountered problems
with the CDSS prototype, two  participants answered that there
was too much information, and one physician assistant answered
that some information was only relevant for the physician. Finally,
participants were asked if they would work with the CDSS system
when fully developed. Eleven participants would use the system,
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ne only if it was integrated in the Electronic Medical Record (EMR),
nd one participant was unsure.
. Discussion
.1. Main ﬁndings
The aim of this study was to see if the think-aloud method
ombined with propositional analysis of healthcare practition-
rs’ verbal utterances, while they processed paper-based guideline
nformation, could be used for requirements elicitation of the
esign of a CDSS providing patient-tailored guideline recommen-
ations. Our study demonstrated that this approach resulted in a
rototype CDSS with fairly high usability, based on results of a ﬁrst
terative round of usability feedback.
The ﬁrst step in development was to understand healthcare
ractitioners’ cognitive information processing in a certain clini-
al context. Cognitive analysis is a core methodology used to study
uman performance. It can uncover the underlying structures of
ask performance by characterizing the decision making and infor-
ation processing needs of subjects as they perform tasks [26].
lthough the healthcare practitioners’ task performance may  vary,
he methods applied allowed us to gain insight into certain reg-
larities of the human information processing system. This gives
trength to make generalizations in the information processing
odel. The cognitive analysis approach that we followed with the
hink-aloud method and propositional analysis of verbal protocols
ave us deep insight on healthcare practitioners’ information pro-
essing while reviewing guideline information on which a user
nterface for the prototype CDSS was designed. This approach may
e more likely to produce output that supports the design of a CDSS
ompared to traditional requirements analysis methods such as
eld observations, interviewing, focus groups, and use case anal-
sis. The results of the interviews that we conducted showed that
articipants had varying opinions on the preferred information
tructures and needs. These results contradicted the results of the
hink-aloud analysis, showing that healthcare practitioners may
ot (always) be able to verbalize essential information needs. The
hink-aloud analysis thus provides a thorough insight into health-ning recommended screening procedures.
care practitioners’ information processing and needs relevant for
patient-speciﬁc guideline-based CDSS.
In a previous paper we showed that the prototype had high efﬁ-
cacy and efﬁciency compared to the paper-based guideline [24].
The results showed that healthcare practitioners were more com-
plete in retrieving guideline recommendations with the prototype
CDSS compared to the paper-based guideline, and that they needed
less time to retrieve recommendations. In this paper, the proto-
type CDSS was evaluated to have good clinical utility and fairly
high usability, considering this was only the ﬁrst prototype devel-
oped. Users found that the tab-based structure of the prototype
CDSS system made it easy and fast for them to navigate through
the system and provided them with a quick overview of necessary
information. The evaluation likewise showed a ﬁt between the sys-
tem’s navigational structure and the information processing model
of its users. Our results thus show that the think-aloud method is
useful in designing a decision support tool that matches health-
care practitioners’ decision processes. By considering healthcare
practitioners’ reviewing behavior of a paper-based guideline and,
in that context, the relevance and organization of patient-speciﬁc
guideline information, we were able to reduce CDSS complexity.
Mental working load is reduced by mimicking healthcare practi-
tioners’ information processing in the CDSS design. Physical work
load (mouse clicks, keyboard use) is reduced by providing infor-
mation on only a few screens. This makes the CDSS less cognitive
demanding, effective and efﬁcient for its users compared to the
paper-based guideline.
Methods from cognitive psychology have previously been
applied to gain insight into human cognitive processes and to build
computer systems on the basis of these insights [22]. Arocha et al.
argued that the application of methods for the representation of
clinical reasoning patterns of healthcare practitioners may  become
an important consideration in the design of decision support tools
that match these decision processes [27]. In a study by Verho-
even et al. [5] the think-aloud method was used to gain insight
into usability problems of paper-based guidelines for infection con-
trol and showed that a CDSS developed through a user-centered
design process yielded more efﬁcient and effective means of com-
munication. In our study, a clear screen design was  developed that
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llowed them to easily navigate through the CDSS system. The tab-
ased structure offered ﬂexibility because users could easily switch
etween tabs.
Only two major usability problem relating to the screen layout
f the CDSS prototype were revealed during the evaluation of the
rototype. First, participants found the list of possible late effects
oo long. During the think-aloud sessions with the paper-based
uideline participants hardly processed information concerning
he possible late treatment effects, so it was not clear how health-
are practitioners would process this information and hence how
o present this information in the CDSS.
Second, participants indicated that they missed a link to evi-
ence on which guideline recommendations were based. When
sing the paper-based guideline, participants didn’t express any
oncerns regarding the validity of the information contained in
he guideline. During the evaluation of the prototype, participants
ometimes noted that they were not sure about the validity of
he guideline information provided by the CDSS prototype and
xpressed a need to go back into the paper-based guideline to check
f the information provided by the prototype was valid. It has been
ound that links to referential material is highly valued by users of
ecision support system [28]. The prototype CDSS system did pro-
ide links to decision rules that determined why a speciﬁc screening
rocedure needed to be performed. This link was provided with a
mall information-icon to the left of each screening procedure. The
act that these information icons were often overlooked, could indi-
ate that the participants did not expect the icon on the left side. In
heir mental model, they might have expected the link in a different
osition on the screen. This indicates that whilst the think-aloud
ethod was useful in gaining insight into the necessary informa-
ion structure for the CDSS prototype interface, iterative evaluation
s still necessary to uncover mismatches between the system design
odel and the mental model of its end users.
.2. Meaning of the study
CDSS offer the possibility to improve adherence to clinical guide-
ines [7–9]. However, uptake of CDSS has been slow and still few
DSS have been used in routine clinical practice [9]. When the pat-
erns of use of CDSS are not tailored to the users, the CDSS will
ot become productive and may  even negatively inﬂuence clini-
al outcomes [29]. Most of these CDSS’ designs rely upon cognitive
odels of system use that do not match the cognitive models of
hysicians, introducing difﬁculties in CDSS usage [30,31]. There-
ore, good design of a CDSS asks for a detailed analysis of end users’
linical work patterns to construct conceptual models that may  be
sed as input to CDSS design. Our study indicates that the design of
ther interactive healthcare computer applications which seek to
imic  healthcare practitioners’ cognitive information processing
ay  well beneﬁt from drawing upon the methodology we  applied:
ropositional analysis of healthcare practitioners’ verbal protocols
ollected while they processed paper-based guideline information.
hat we hope to have shown is that an early involvement of future
ystem users in the requirements elicitation process was of great
elp in the design of an effective CDSS user interface.
.3. Strengths and limitations
There are a number of strength and limitations to this study.
irst of all, participants were recruited though an email that was
end to the coordinators of the outpatient clinics. Because partici-
ants volunteered to participate in the study, the results could be
iased and the generalizability of our results could be limited. How-
ver, only a limited number of physicians and physician assistants
re employed in the 7 Dutch long-term follow-up clinics (approxi-
ately 2 to 3 physicians, and 2 to 3 physician assistants per clinic).edical Informatics 86 (2016) 10–19
Therefore, the number of participating physicians and physician
assistants is sufﬁcient to represent the entire population. However,
the proportion of participating physician assistants and physicians
throughout the different clinics is not equally distributed. Some
clinics only had physicians participating in this study, while other
only had physician assistants participating in this study. In only
2 clinics both physicians and physician assistants did participate.
This distribution is due to the fact that patient visits in these clin-
ics are prepared by a physician or by a physician assistant or in
collaboration.
Our usability evaluation was  based on think-aloud sessions, a
questionnaire and interviews with 13 prospective CDSS users. In
theory, as user usability testing provides a rich source of data, a
small sample of participants (approximately 10 participants) suf-
ﬁces to gain a thorough understanding of user’s task behavior
and to identify the main usability problems (at least 80%) with a
computerized system [32]. Therefore, our sample of 13 healthcare
practitioners is sufﬁcient for usability testing of the prototype CDSS.
We likewise note that the developers of the CDSS were also
involved in the usability evaluation. We  think this is both a strength
and a weakness. This involvement allowed developers to elaborate
on CDSS design relevant comments from the clinicians and helped
to insure that in future redesigns of the prototype, these comments
will be addressed. The lack of independence of the evaluation team
may  have ampliﬁed response bias, potentially discouraging report-
ing of concerns with the CDSS.
Four different patient scenarios were used in this study, two
during the think-aloud sessions with the paper-based guideline and
two for the evaluation of the prototype CDSS. The scenarios covered
three quarters of the guideline (18 out of 24 clinical domains). How-
ever, because the clinical domains are all structured in the same
way, and because there is no patient scenario possible where all
24 clinical domains apply (because of different domains depending
on gender), the implemented scenarios are sufﬁcient to represent
clinical usage of the guideline.
Participants did not receive any training or explanation prior
to the usability analysis of the prototype CDSS system. As such,
the usability evaluation study provides insight into the CDSS
system learnability, but user training could have prevented the
occurrence of certain usability problems (for instance, participants
overlooking the link to evidence why screening procedures were
recommended) and give input to prioritizing CDSS redesign efforts.
5. Conclusions
Encouraging use of CDSSs is a well-recognized challenge even
while the systems are regarded as critical to increasing quality
and efﬁciency of care. The ﬁt of a CDSS’ design with clinicians’
task behavior has been shown to be of utmost importance [10,12].
Adequate requirements analysis and usability testing of ﬁrst CDSS
versions before releasing these systems in practice could poten-
tially safe money, time and effort during implementation. Insight
into end-users cognitive processes can help in designing CDSS sys-
tem with promising usability. The think-aloud method combined
with propositional analysis of healthcare practitioners’ verbal
utterances while they processed paper-based guideline informa-
tion was  useful in requirements elicitation of the design of a usable
CDSS providing patient-tailored guideline recommendations. We
expect that the use of this method will lead to fewer design itera-
tions of the CDSS but whether this is the case should be the focus
of future research.
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Summary points
What was already known on the topic?
• Paper-based guidelines often do not suit healthcare prac-
titioners’ information needs and work practices, and are
therefore difﬁcult to use in practice and underused.
• CDSS are increasingly developed to support healthcare prac-
titioners’ decision making, and have the potential to improve
guideline usage in clinical practice.
• A large number of CDSS implementations still fail due to
the lack of systemic consideration of the cognitive needs of
end-users during the design and implementation process.
What this study added to our knowledge?
• The think-aloud method can be applied to capture, repre-
sent and understand healthcare practitioners’ information
processing while retrieving recommendations from a paper-
based guideline.
• The think-aloud method combined with propositional anal-
ysis of healthcare practitioners’ information processing of a
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